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Available online 11 December 2015The Kinki district in the Inner Zone of southwest Japan is characterized by Late Cretaceous volcanic rocks of the
Aioi and Arima groups and the Koto Rhyolites (fromwest to east). These rocks are dominated by pyroclastic ﬂow
deposits related to caldera-forming events. Here, we present new laser ablation–inductively coupled plasma–
mass spectrometry (LA–ICP–MS) zircon U–Pb ages for the Aioi Group (four isolated caldera-ﬁlling deposits);
the lower, middle, and upper parts of the Arima Group and one intrusive rock (the Kashihara Quartz Gabbro);
and the lower and upper parts of the Koto Rhyolites, including the oldest volcanic unit within these rhyolites.
These analyses yielded ages of ca. 86–82 Ma for the Aioi Group, ca. 83–81 Ma for the Arima Group, 78.6 Ma for
the Kashihara Quartz Gabbro, and ca. 74–73 Ma for the Koto Rhyolites. The Aioi Group represents a cluster of
calderas and the ages obtained for individual units in this group differ from the ages of adjacent units. The
Arima Group and the Koto Rhyolites both consist of pyroclastic ﬂow deposits associated with caldera-forming
events, and the ages of these rocks are all the same within error. This suggests that the Aioi Group represents a
series of individual caldera-forming eruptions that are distinct from the Arima Group and the Koto Rhyolites,
which formed during a single stage of caldera formation. The U–Pb ages presented here indicate that the Late
Cretaceous caldera-forming eruptions in the study area occurred at intervals of N1 Myr and represent individual
events that lasted for b1 Myr. The oldest volcanic unit within the Kinki district is similar in age to the oldest
volcanic unit within the Chubu district, suggesting that caldera-forming eruptions in southwest Japan com-
menced at ca. 90 Ma.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Cretaceous igneous rocks arewidespread throughout the Inner Zone
of southwest Japan (Fig. 1). This zone represents a huge igneous belt
that developed along the continental margin of East Asia before the
Miocene opening of the Japan Sea (e.g., Takahashi, 1983). Early Creta-
ceous magmatism in southwest Japan is characterized by the intrusion
of small volumes of high-Mg and adakitic magmas, and I-type granite
magmas (e.g., Kamei et al., 2004). Kiji et al. (2000) and Kamei et al.
(2004) suggested that some of the high-Mg and adakitic magmatism
in this area was region to partial melting of subducted oceanic crustal
and sedimentary material. The Late Cretaceous magmatism in this
area is characterized by widespread silicic magmatism in the form of
I-type granites and caldera-forming ignimbrites. Although the total
volume of these ignimbrites is not known, this group includes the
Nohi Rhyolite (Fig. 1), which is estimated to have a total volume of
5000–7000 km3 (Yamada and Koido, 2005). Late Cretaceous volcanic. This is an open access article underrocks are dominantly pyroclastic ﬂow deposits related to caldera-
forming events (e.g., Nishikawa et al., 1983; Ozaki and Matsuura,
1988; Yamamoto, 2003). Determining the spatial and temporal varia-
tions in this Cretaceous magmatism requires precise geochronological
and geological data. Precise U–Pb and chemical Th–U–total Pb isochron
(CHIME) ages for I-type, high-Mg, and adakitic granitoids in this area
have been reported recently (e.g., Suzuki and Adachi, 1998; Sakashima
et al., 2003), indicating that this magmatism commenced at ca.
110–105 Ma. Volcanic rocks in southwest Japan have been dated at ca.
95–60 Ma by K–Ar and Rb–Sr isochron and ﬁssion-track (FT) methods,
although some of these ages have been thermally reset, disagree with
other ages, and are imprecise, with errors of several million years
(e.g., Sawada and Itaya, 1993; Matsuura et al., 1995), meaning that the
magmatic history of individual volcanic units is difﬁcult to discern.
It is important to understand the timing of the Late Cretaceous ig-
nimbrite ﬂare-up in the study area in order to constrain the shift from
high-Mg and adakitic volcanismwith subduction of oceanic crustal ma-
terial at the start of Early Cretaceous, to widespread I-type volcanism
due to cooling oceanic crust. Here, we report new laser ablation–
inductively coupled plasma–mass spectrometry (LA–ICP–MS) U–Pbthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Distribution of Cretaceous igneous rocks in southwest Japan (modiﬁed fromWakita et al., 2009).
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Late Cretaceous caldera-forming eruptions in the Kinki district. These
data enable the clariﬁcation of the timing of individual volcanic events.
The closure temperature of the zircon U–Pb system is signiﬁcantly
higher (N900 °C; Cherniak andWatson, 2000) than those of the K–Ar bi-
otite (280–345 °C; Harrison et al., 1985) and FT (240 °C; Hurford, 1986)
systems. Although previous research has reported zircon U–Pb ages for
Cretaceous granitoids in southwest Japan (e.g., Sakashima et al., 2003;
Nakajima et al., 2004), the volcanic rocks in this region have not been
dated using this method. The zircon U–Pb dates obtained during this
study are generally from pyroclastic ﬂow deposits collected from three
volcanic groups in the Kinki district, namely the Aioi Group, the Arima
Group, and the Koto Rhyolites (Fig. 1). We use these data to determine
the timing of the Late Cretaceous ignimbrite ﬂare-up within this arc.
2. Geological setting
The Kinki district is dominated by Permian to Jurassic terranes, Early
Cretaceous sediments along with tuff and pyroclastic rocks, Cretaceous
volcanic and plutonic rocks, and Paleogene to Quaternary sediments.
Three Permian to Jurassic terranes are recognized based on geotectonic
criteria: ophiolite rocks and Permian to Triassic marine sedimentary
rocks of the Maizuru terrane (e.g., Ichikawa, 1990), Permian accretion-
ary sedimentary complexes of the Ultra–Tamba terrane, and Jurassic
accretionary sedimentary complexes of the Mino–Tamba terrane. Late
Cretaceous volcanic rocks unconformably overlie and are often in fault
and/or ring dike contact with Permian to Jurassic terranes. These volca-
nic rocks are divided into the Aioi, Ikuno, and Arima groups, and theKoto Rhyolites (Fig. 1). Previous research has indicated that Late Creta-
ceous volcanic rocks in this area are dominated by pyroclastic ﬂow de-
posits related to caldera-forming events (e.g., Nishikawa et al., 1983;
Ozaki and Matsuura, 1988; Yamamoto, 2003). The geology of each of
these groups is summarized in the following sections.
2.1. Aioi Group
The Aioi Group consists mainly of pyroclastic ﬂow deposits with
minor amounts of lava and lacustrine deposits and crops out within
the western area of the Kinki district (Fig. 1). These volcanic rocks ﬁll
depressions that are interpreted as calderas. The 40 × 50 km the west-
ern section of the Kinki district includes over 20 eroded calderas of
b25 km in diameter (Yamamoto, 2003; Sato et al., in press). The cal-
deras are commonly intruded by felsic dikes, from a few to a dozenme-
ters in width, along boundaries between the caldera-ﬁll deposits and
surrounding basement rocks (Sato et al., in press). The southwestern
part of the Aioi Group is divided into at least eight formations (from
west to east): theWake, Hinase, Une, Ako,Wakasano, Gomyo, Murotsu,
and Iwami formations (Ishihara and Imaoka, 1999; Sato et al., in press)
(Fig. 2). Each formation crops out over a limited area and sometimes
show caldera depression structures. Pyroclastic ﬂow deposits in the
Wake Formation (15 km in diameter of preserved caldera ﬁll) and the
Ako Formation (21 km× 14 km in size) are interbeddedwith debris av-
alanche deposits in the form of caldera collapse breccias. The debris av-
alanche deposits in these formations consist of basement rocks with a
wide variety of block sizes from a few centimeters to a dozen meters
in diameter, and the matrix comprises the same materials but of ﬁner
(a)
(b)
Fig. 2.Distribution of and stratigraphic relationships between volcanic formations in the southwestern Aioi Group. (a)Map showing the distribution of volcanic formations, adapted from
Sato et al. (in press). 1= sample from theHinase Formation (BAK02), 2= sample from theAko Formation (BAK01), 3= sample from theGomyo Formation (BAK04), 4= sample from the
Iwami Formation (BAK03). (b) Stratigraphic relationship between volcanic formations in the study area; arrows indicate unconformable contacts visible in the ﬁeld. The ages shown in the
ﬁgure are U–Pb ages of the present study. F = formation.
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tions and includes lithic fragments derived from these formations and
pre-Cretaceous rocks. The Hinase Formation (23 × 13 km), the Une(a)
Fig. 3.Geological map and stratigraphic relationships of the Arima Group, adapted fromMatsuu
sample from the Tamaze Formation (HRN90A), 3=sample from the Sakaino Formation (HRN14
of the Arima Group. Ages shown are U–Pb ages obtained during this study.Formation (18 × N6 km), and the Ako Formation were intruded by
Late Cretaceous porphyritic plutonic rocks and underwent contact
thermal metamorphism (Sato et al., in press).(b)
ra et al. (1995). (a) Geological map: 1= sample from the Takedao Formation (HRN2), 2=
), 4= sample from the KashiharaQuartz Gabbro (SON152). (b) Stratigraphic relationships
(a)
(b)
Fig. 4.Geologicalmap and stratigraphy of the Koto Rhyolites, adapted fromHarayama et al. (1989). (a) Geologicalmap; 1= sample from theKoto Rhyolites I (HK18LW), 2= sample from
the Koto Rhyolites II (KT43). (b) Stratigraphic relationships of the Koto Rhyolites. Arrows indicate unconformable contacts visible in the ﬁeld and ages are U–Pb ages obtained during this
study.
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The Arima Group consists of pyroclastic ﬂow deposits, lavas, and
non-marine clastic sediments, and crops out within the central part of
the Kinki district (Kasama and Yoshida, 1976; Matsuura et al., 1995)
(Figs. 1 and 3). Late Cretaceous granitoids and dikes in this area intrude
pre-Cretaceous rocks and the Arima Group. The southern area of the
group consists of large-scale pyroclastic ﬂow deposits generated during
the formation of the Sasori Cauldron (19 × 14 km in size). The Arima
Group is stratigraphically divided into four units (in ascending order):
the Takedao, Tamaze, and Sakaino–Hiraki formations, and the Sasori
Tuff Breccia. All of these formations are rhyolitic and are conformable,
with a total thickness of ~2000 m. The Sasori Tuff Breccia is generally
surrounded by polygonal faults associated with megabreccias (1–120 m
in diameter) that were generated during caldera collapse, a process that
occurred during or immediately after the eruption of a large volume of
pyroclastic ﬂow deposits that formed the Sakaino–Hiraki Formation
(Matsuura et al., 1995).2.3. Koto Rhyolites
The Koto Rhyolites consist of pyroclastic ﬂow deposits and comag-
matic porphyritic dikes that crop out within the eastern Kinki district
(Mimura et al., 1976; Harayama et al., 1989) (Figs. 1 and 4). Cretaceous
granitoids also crop out in a circular pattern surrounding the Koto
Rhyolites. These rhyolites are remnants of a 30-km-diameter compositeTable 1
Sample descriptions.
Sample Location
Aioi Group
BAK01 (Ako Formation) 34°45′52″N, 134°28′18″E
BAK03 (Iwami Formation) 34°46′36″N, 134°32′33″E
BAK02 (Hinase Formation) 34°44′32″N, 134°16′16″E
BAK04 (Gomyo Formation) 34°49′52″N, 134°28′20″E
Kashihara Quartz Gabbro
SON152/GSJ R63024 35°00′11″N, 135°17′11″E
Arima Group
HRN14/GSJ R62968 (Sakaino Formation) 34°54′04″N, 135°16′48″E
HRN90A/GSJ R62889 (Tamaze Formation) 34°52′30″N, 135°18′35″E
HRN2/GSJ R62817 (Takedao Formation) 34°51′21″N, 135°18′28″E
Koto Rhyolites
KT43/GSJ R44577 (Koto Rhyolites II) 35°09′49″N, 136°18′59″E
HK18LW/GSJ R44575 (Koto Rhyolites I) 35°10′07″N, 136°19′36″Ecaldera (the Koto Cauldron) that is surrounded by two arcuate dikes
(Nishikawa et al., 1983). The Koto Rhyolites are divided into an older
unit (Koto Rhyolites I) that consists of dacite to rhyolite welded tuffs
and porphyritic quartz dikes, and a younger unit (Koto Rhyolites II),
which unconformably overlies the Koto Rhyolites I unit and consists of
(from base to top) thin lacustrine sediments, debris avalanche deposits,
rhyolite pumice tuffs, porphyritic granites, and pyroclastic dikes. Volcanic
rocks from the older and younger units yield Rb–Sr whole rock isochron
ages of 94.7 ± 19.6 Ma (Sawada et al., 1994) and 75.8 ± 2.4 Ma (Seki,
1978), respectively. These Rb–Sr isochron ages suggest that igneous activ-
ity occurredduring three separate stages: Stage 1 activity formed theKoto
Rhyolites I unit and associated older granitoids (97–95Ma), Stage 2 activ-
ity formed the Koto Rhyolites II unit and younger granitoids (80–76Ma),
and Stage 3 activity saw the intrusion of dikes along the ring fracture
zones until 66 Ma (Sawada et al., 1994).
3. LA–ICP–MS U–Pb geochronology
3.1. Samples
The samples used for U–Pb dating are zircons derived from the Aioi
and Arima groups and the Koto Rhyolites. Zircons were separated from
samples of four pyroclastic ﬂow deposits from the Aioi Group (from the
Hinase, Ako, Gomyo, and Iwami formations), and three pyroclastic ﬂow
deposits (from the Takedao, Tamaze, and Sakaino formations), and one
post-caldera intrusion (the Kashihara Quartz Gabbro; Tainosho et al.,
1983) from the Arima Group. Samples of two pyroclastic ﬂow depositsLithology U–Pb age (Ma)
Rhyolite welded vitric lapilli tuff 82.6 ± 0.8
Rhyolite welded crystal tuff 83.0 ± 0.5
Rhyolite welded crystal lapilli tuff 85.6 ± 0.6
Dacite welded crystal tuff 86.2 ± 0.4
Quartz diorite 78.6 ± 0.5
Rhyolite welded vitric crystal tuff 81.5 ± 0.7
Rhyolite welded crystal vitric lapilli tuff 82.5 ± 0.6
Rhyolite welded vitric crystal tuff 82.1 ± 0.5
Rhyolite welded tuff 73.5 ± 0.6
Rhyolite welded tuff 74.0 ± 0.4
Table 2
Instrumentation and operational conditions used during LA–ICP–MS analyses.
Laser ablation
Model: New Wave Research NWR193
Laser type (wave length): Excimer ArF (193 nm)
Energy density: 2–3 J/cm2
Crater size: 20 μm
Ablation pit depth: 6 μm pit depth
Repetition rate: 8–10 Hz
Carrier gas: He
ICP–MS
Model: Nu instruments AttoM
ICP–MS type: magnetic sector ﬁeld
Forward power: 1300 W
Carrier gas: Ar
Ar gas ﬂow rate: 0.9 L min−1
He gas ﬂow rate: 0.6 L min−1
Scanning mode: Deﬂector jump
Data acquisition protocol: Batch
Integration time: 8 s
Monitor isotopes: 202Hg, 204Pb, 206Pb, 207Pb,
208Pb, 232Th, 238U
Primary standard: 915001
Secondary standard: OD–32,3
1, Wiedenbeck et al. (1995); 2, Iwano et al. (2012); 3, Iwano et al. (2013)
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The sample locations within the Aioi Group, the Arima Group, and the
Koto Rhyolites are shown in Figs. 2, 3, and 4, respectively, and details of
sample locations and lithologies are provided in Table 1. The volcanic
rocks range from dacite to rhyolite welded tuffs, all of which contain
abundant zircons. The majority of these samples have undergone minor
hydrothermal alteration, leading to the partial replacement of maﬁc sili-
cates by chlorite andother secondaryminerals. These units locally contain
foreign lithic fragments, but the samples analyzed during this study were
speciﬁcally selected to be as free of these fragments as possible. The
Kashihara Quartz Gabbro intrudes the Sasori Tuff Breccia at the top of
the Arima Group and comprises ﬁne- to medium-grained quartz gabbro
to quartz diorite with pyroxene phenocrysts that have been partly re-
placed by actinolite.
3.2. Analytical techniques
In situ U–Pb analyses were undertaken at the Kyoto Fission-Track
Co., Ltd., Kyoto, Japan, using zircons separated from 10 samples (each
0.15–0.30 kg) using standard crushing, sieving, water-based panning,
magnetic separation, and heavy liquid techniques. After separation,
the zircons were mounted within PFA-Teﬂon sheets and polished. This
analysis used anAttoMhigh-resolution double-focusing ICP–MS(Nu in-
struments, Wrexham, UK) combined with a NWR-193 laser-ablation
system (ESI, Portland, USA) equipped with a 193 nm ArF Excimer
laser at the Department of Geology and Mineralogy, Kyoto University,
Japan (Table 2). Helium gas was used as the carrier gas inside theFig. 5. Representative CL images of zircons separated from samples analyzed during this study.
bars are 100 μm.ablation cell and was mixed with argon gas before entering the ICP–
MS. These analyses used a 20 μm diameter laser-ablation spot with a
6 μm pit depth, and U–Pb ratios were normalized using replicate analy-
ses of a Nancy 91500 standard zircon (Wiedenbeck et al., 1995).
Cathodoluminescence (CL) imaging was used to determine internal
zonation patterns within zircons. CL images were obtained using a JEOL
JSM-6610LV scanning electron microscope (SEM) at the Geological
Survey of Japan (GSJ, Tsukuba, Japan). Representative CL images of the
zircons analyzed in this study are shown in Fig. 5.
3.3. Results
The zircon U–Pb data are summarized in Supplementary Tables 1–3.
Tera–Wasserburg U–Pb zircon concordia diagrams for the Aioi Group,
the Arima Group, and the Koto Rhyolites are shown in Fig. 6, with all
uncertainties reported at the 2σ level. The precision of the 207Pb/235U
measurements is generally poorer than that of the 206Pb/238U measure-
ments; thus, the igneous ages used in this study are weighted mean
238U–206Pb ages. However, use of only 238U–206Pb ages can be erroneous
if the U–Pb system is not closed, so this possibility was evaluated by
examining the concordance of the 238U–206Pb and 235U–207Pb ages
(e.g., Iwano et al., 2013). Discordant data show a disagreement between
the 238U–206Pb and 235U–207Pb ages within the 2σ error and were there-
fore excluded from the weighted mean calculation and later discussion.
The zircons are generally 50–200 μm in size, euhedral, transparent, and
light brownish in color. The CL images reveal oscillatory zoning and char-
acteristics that are typical of zircons with a magmatic origin (Fig. 5).
Samples from theHinase Formation (BAK02; rhyolitewelded crystal
lapilli tuff), the Ako Formation (BAK01; rhyolite welded vitric lapilli
tuff), the Gomyo Formation (BAK04; biotite–hornblende dacite welded
crystal tuff), and the Iwami Formation (BAK03; biotite–hornblende
rhyolite welded crystal tuff) within the Aioi Group yield ages of 85.6 ±
0.6 Ma (n = 24/30, MSWD = 1.37), 82.6 ± 0.8 Ma (n = 15/15,
MSWD = 1.23), 86.2 ± 0.4 Ma (n = 23/30, MSWD = 2.25), and
83.0 ± 0.5 Ma (n = 27/30, MSWD = 2.02), respectively, all of which
are consistent with observed stratigraphic relationships. These ages of
adjacent formations (i.e., the Hinase–Ako–Gomyo formations) are not
within error of each other.
Samples from the Takedao Formation (HRN2/GSJ R62817; biotite rhy-
olite welded vitric crystal tuff), the Tamaze Formation (HRN90A/GSJ
R62889; biotite rhyolite welded crystal vitric lapilli tuff), and the Sakaino
Formation (HRN14/GSJ R62968; hornblende-bearing biotite rhyolite
welded vitric crystal tuff) within the Arima Group yield ages of 82.1 ±
0.5 Ma (n = 29/30, MSWD = 1.66), 82.5 ± 0.6 Ma (n = 30/30,
MSWD= 1.04), and 81.5 ± 0.7 Ma (n= 29/30, MSWD= 0.59), respec-
tively. A sample from the Kashihara Quartz Gabbro (SON152/GSJ R63024;
medium-grained biotite–orthopyroxene–hornblende–quartz diorite)
that intrudes the Sasori Tuff Breccia (i.e., the Sasori Cauldron) yields an
age of 78.6 ± 0.5 Ma (n= 29/30, MSWD= 2.23). These ages of volcanic
rocks in the Arima Group are not consistent with observed stratigraphicNumbers next to analytical spots (20 μm diameter) indicate the age of each analysis. Scale
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Kashihara Quartz Gabbro records an apparent temporal gap in
magmatism between 81 and 78 Ma, indicating that this intrusion oc-
curred a signiﬁcant time after the formation of the Arima Group.
Samples from the Koto Rhyolites I unit (HK18LW/GSJ R44575;
pyroxene-bearing hornblende–biotite rhyolite welded tuff) and II unit
(KT 43/GSJ R44577; biotite rhyolite welded tuff) yield ages of 74.0 ±
0.4 Ma (n = 29/30, MSWD = 2.90) and 73.5 ± 0.6 Ma (n = 27/31,
MSWD= 2.48), respectively. These ages are consistent with observed
stratigraphic relationships and are within error of each other.Fig. 6. Tera–Wasserburg diagrams for zircons analyzed during this study. Dashed circles indicat
indicate weighted mean 238U–206Pb ages (2σ), and n = number of data points.4. Discussion
The closure temperature of the zircon U–Pb system (N900 °C) is
higher than the crystallization temperature of zircon (700–850 °C;
e.g., Harrison et al., 2007; Boehnke et al., 2013), so the granitoid U–Pb
zircon ages in this study indicate the timing of granitoid emplacement
rather than zircon crystallization. Determining the timing of emplace-
ment of granitoid magmas requires knowledge of the cooling history of
an intrusion using other radiometric ages. In contrast, volcanic rocks gen-
erally show little difference in the timing of zircon crystallization ande discordant analyses, error ellipses represent 2σ uncertainties for each analysis, error bars
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the last eruption event from the zircon ages in the volcanic rocks. Sano
et al. (2002) reported a zirconU–Pb isochron age of 90 ka frompyroclastic
ﬂowdeposits that formed during the 1991 Unzen volcano eruption in the
Nagasaki area of southwest Japan, suggesting that this age represents the
timing of magma residence in a shallow reservoir before the eruption.
Tucker et al. (2013) reported that crystal storage time of 48 ka from
volcanic rocks in the Tibetan Plateau provide by high-spatial resolution
U–Th disequilibrium dating methods. This indicates that the zircon
U–Pb age of volcanic rocks is representative of the eruption age of such
rocks, as the latter is generallywithin the 2σuncertainty (i.e., several hun-
dred thousand years) of the former. Although zircons within pyroclastic
ﬂowdeposits are likely to include older zircons, the U–Pb zircon data pre-
sentedhere indicate signiﬁcant differences between the ages of individual
formations and are consistent with observed stratigraphic relationships
within the Aioi Group. As such, we consider these ages to represent the
eruption ages of individual formations.
4.1. Late Cretaceous igneous activity in the Kinki district
The ages of individual units in the Aioi Group are distinct from those
of adjacent units (i.e., the age differences are greater than the analytical
error). This suggests that the Aioi Group formed as a result of multiple
Late Cretaceous caldera-forming eruptions that occurred at intervals of
around 1 Myr. This scenario is similar to that in the Aizu region of the
northeast Japan arc, where six large Late Miocene to Quaternary cal-
deras, all of which are N10 km in diameter, erupted a total of six times
over 7 Myr at intervals of 1–2 Myr (Yamamoto, 1992, 2011). This erup-
tion interval is comparable to the age differences between the Gomyo,
Hinase, Murotsu, Iwami, and Ako formations within the southwestern
Aioi Group, where these formations represent four eruptions over
a period of ca. 4 Myr (Fig. 2). As noted by Yamamoto (2003), this
Late Cretaceous volcanism is thought to be similar in volume to the volca-
nism that occurred within the northeast Japan arc during the Late Mio-
cene to Quaternary.
The U–Pb zircon ages obtained for the Arima Group range between
82.5 ± 0.6 Ma and 81.5 ± 0.7 Ma and are all the same within error.
Matsuura et al. (1995) reported that the southern area of the Arima
Group consists of large-scale pyroclastic ﬂow deposits that were gener-
ated during caldera-formation events. This ﬁnding, combined with the
data presented here, indicates that this igneous activity occurred at ca.
82 Ma and lasted for b1 Myr. In contrast, Imoto et al. (1991) reported
that theKashihara Quartz Gabbro,which intrudes the Sasori Tuff BrecciaFig. 7.Distribution of zircon U–Pb ages obtained during this study, excluding any discordant da
mean ages shown as horizontal bars with errors represented by the heights of individual horizof the Arima Group, formed at the same time as the rhyolitic volcanic
rocks. However, the zirconU–Pb age of theKashihara Quartz Gabbro de-
termined in this study is some3Myr younger than the ages of the Arima
Group determined in this study (Figs. 6 and 7). This result, combined
with the geology of the study area, suggests that the magmatism that
formed the Kashihara Quartz Gabbro represents a separate event from
that which formed the Arima Group units.
The zircon U–Pb ages of the Koto Rhyolites I and II units are both ca.
74Ma, being the samewithin analytical error. The Koto Rhyolites I and II
were formerly divided into two different caldera-forming stages that
occurred at ca. 95 Ma (stage 1) and ca. 76 Ma (stage 2), based on
whole-rock Rb–Sr isochron ages (e.g., Sawada et al., 1994). However,
the oldest single concordant zircon U–Pb age for the Koto Rhyolites I
unit is 77.9 ± 3.9 Ma (Supplementary Table 3). These data indicate
that the igneous activity that formed the Koto Rhyolites represents the
generation of a relatively short-lived (b1 Myr) composite caldera in a
single caldera-forming event. This view is consistentwith the geochem-
istry of the Koto Rhyolites I unit being different to that of older granit-
oids in this area, but similar to that of the Koto Rhyolites II unit as well
as younger granitoids and arcuate dikes in the area (CRGGLB, 2008).
The ages obtained for the Aioi Group indicate the intervals and fre-
quency of individual caldera-forming eruptions, whereas the ages
from the Arima Group and the Koto Rhyolites show the duration of sin-
gle caldera-forming events. Therefore, we suggest that individual Late
Cretaceous caldera-forming eruptions occurred at interval of N1 Myr
and lasted only a short period of time (b1 Myr).
4.2. Timing of the Cretaceous ignimbrite ﬂare-up
Fig. 8 shows a compilation of ages for samples from the Kyushu and
Chubu districts of Japan obtained using methods with relatively high
closure temperatures; i.e., U–Pb zircon, CHIME zircon, monazite, and
allanite ages. It should be noted that the ages of high-Mg volcanic
rocks in this area are K–Ar ages, because no U–Pb or CHIME ages for
these rocks have been obtained. The oldest ages for I-type granites in
the Kyushu district center on ca. 110 Ma (Fig. 8). The ages of high-Mg
and adakitic igneous rocks have been reported from the Kyushu district
(113–109 Ma: Tobe, 2006; Tsutsumi et al., 2012), the Chugoku district
(107–103 Ma: Imaoka et al., 1993; Matsuura, 1998), the Kinki district
(109–99 Ma: Kimura and Kiji, 1993; Imaoka et al., 2014), and the
Chubu district (99–97 Ma: Tanase et al., 1994; Yamada et al., 2001).
These age data indicate that high-Mg and adakitic activity that took
place have a range between 113 and 97 Ma and began at about theta. Vertical bars indicate individual U–Pb ages and associated uncertainties, with weighted
ontal bars. All error bars are 2σ.
Fig. 8. Relative probability diagram of U–Pb and CHIME ages for plutonic rocks and ignim-
brites, andK–Ar ages for high-Mgvolcanic rocks in southwest Japan. Data froma compilation
by Imaoka et al. (1993), Kimura and Kiji (1993), Tanase et al. (1994), Herzig et al. (1998),
Matsuura (1998), Suzuki and Adachi (1998), Suzuki et al. (1998), Watanabe et al. (2000),
Takagi et al. (2001), Yamada et al. (2001), Sakashima et al. (2003), Nakajima et al. (2004),
Tobe (2006), Fujii et al. (2008), Ito et al. (2010, 2012), Adachi et al. (2012), Tiepolo et al.
(2012), Tsutsumi et al. (2012), Ishihara and Tani (2013), Imaoka et al. (2014), Iida et al.
(2015), and this study.
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canic rocks have been reported from the Kinki district (86–82 Ma; this
study) and the Chubu district (86 ± 7 Ma and 85 ± 5 Ma; Suzuki
et al., 1998) and the Chubu district yields the oldest volcanic unit in
this area (the Nohi Rhyolite). The zircon U–Pb ages for pyroclastic
ﬂowdeposits within the Aioi Group, Arima Group, and the Koto Rhyolites
also span the time of formation of the Nohi Rhyolite unit, indicating that
the oldest volcanic unit in the Kinki district formed at a similar time as
the oldest volcanic units in the Chubu district. This ﬁnding indicates that
caldera-forming eruptions across the Kinki district to the Chubu district
began at ca. 90 Ma, and subsequent, this region is characterized by wide-
spread silicic magmatism in the form of the volcano-plutonic complex
activities.
Contrary to previous results obtained using conventional geochro-
nologicalmethodswhich suggested that themagmatism occurred grad-
ually from 85 to 65 Ma with the caldera volcanoes erupting over long
time intervals (the western Kinki district: Yamamoto, 2003; the Nohi
area: Yamada and Koido, 2005), the U–Pb dates from this study show
that the volcanism of the southwestern Aioi Group is concentrated
within a short time period of 4 Myr. In the future, the combination of
U–Pb zircon ages and geological data may enable the identiﬁcation ofindividual volcanic units and further our understanding of volcanic ac-
tivity in the Inner Zone of southwest Japan.
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